Previous studies have shown that the large molecular weight low density lipoprotein (LDL) of abnormal composition isolated from hypercholesterolemic nonhuman primates stimulates greater cholesterol accumulation in cells in culture than does the same amount of normal LDL. The purpose of the present study was to determine if a correlation existed over a range of LDL molecular weights with cholesterol accumulation in cells in culture, if the differential in cholesterol accumulation was the result of increased delivery of cholesterol to the cells and to evaluate the extent to which this differential was dependent on a functional LDL receptor pathway. Monkey and human skin fibroblasts were incubated for 24 hours with LDL isolated from individual normal or hypercholesterolemic cynomolgus monkeys having LDL molecular weights ranging from 2.58-6.39 x 10 6 , and the cellular free and esterif ied cholesterol contents were determined. There was no correlation of LDL molecular weight with accumulation of cellular free or esterifled cholesterol with LDL from normal animals having a molecular weight of 2.58 to 3.08 x 10 6 or from hypercholesterolemic animals with LDL molecular weights greater than 4.5 x 10 6 . There was a positive and significant correlation of LDL molecular weight with the accumulation of cellular free and esterified cholesterol with LDL molecular weights of 3.0 to 4.5 x 10 6 . These differences were present when the LDL were added at equivalent protein or cholesterol concentrations and cannot be entirely explained by the increased amounts of cholesterol in LDL particles of larger molecular weight.
Previous studies have shown that the large molecular weight low density lipoprotein (LDL) of abnormal composition isolated from hypercholesterolemic nonhuman primates stimulates greater cholesterol accumulation in cells in culture than does the same amount of normal LDL. The purpose of the present study was to determine if a correlation existed over a range of LDL molecular weights with cholesterol accumulation in cells in culture, if the differential in cholesterol accumulation was the result of increased delivery of cholesterol to the cells and to evaluate the extent to which this differential was dependent on a functional LDL receptor pathway. Monkey and human skin fibroblasts were incubated for 24 hours with LDL isolated from individual normal or hypercholesterolemic cynomolgus monkeys having LDL molecular weights ranging from 2.58-6.39 x 10 6 , and the cellular free and esterif ied cholesterol contents were determined. There was no correlation of LDL molecular weight with accumulation of cellular free or esterifled cholesterol with LDL from normal animals having a molecular weight of 2.58 to 3.08 x 10 6 or from hypercholesterolemic animals with LDL molecular weights greater than 4.5 x 10 6 . There was a positive and significant correlation of LDL molecular weight with the accumulation of cellular free and esterified cholesterol with LDL molecular weights of 3.0 to 4.5 x 10 6 . These differences were present when the LDL were added at equivalent protein or cholesterol concentrations and cannot be entirely explained by the increased amounts of cholesterol in LDL particles of larger molecular weight. The enhanced cellular cholesterol accumulation with hypercholesterolemic LDL seems to be the result of increased delivery of LDL cholesterol to the cells as shown by the increased rate of suppression of cellular sterol synthesis and LDL receptor activity, the increased stimulation of cholesterol esterlficatlon, and the increased accumulation of cellular 3 
H-cholesterol from LDL labeled with *H-cholesteryl oleate. This difference in cellular cholesterol accumulation requires that the LDL must be both bound and internalized by a functional LDL receptor pathway, since cells that lack LDL receptors or are unable to internalize their LDL receptors do not show increased accumulation of cholesterol when incubated with hypercholesterolemic LDL. (Arteriosclerosis 3:77-86, January/February 1983) D iet-induced hypercholesterolemia in a variety of nonhuman primate species results in the production of low density lipoproteins (LDLs) of abnormal composition. The predominant change in these
LDLs is an increase in the number of cholesteryl ester molecules per LDL particle resulting in an LDL whose size is increased in proportion to its enrichment with cholesteryl esters. 1 " 4 As the LDL particle accumulates cholesteryl ester, it also increases its surface components (free cholesterol, phospholipid, protein) to cover the expanding sphere. 2 The in-crease in LDL size can be determined by agarose column chromatography and is conveniently expressed as a molecular weight compared to a 12S l-labeled LDL of known molecular weight. 2 Studies with three species of nonhuman primates have shown that the large molecular weight LDL is a particularly atherogenic species as evidenced by the highly significant positive correlation of LDL molecular weight with coronary artery atherosclerosis. 3 ' 5 ' 6 In addition, when added to cells in culture, the large molcular weight hypercholesterolemic LDL promotes the accumulation of significantly more cholesterol than does the same amount of normal LDL. 78 In our previous studies, we have isolated LDL from the pooled plasma from several normal or hypercholesterolemic monkeys. This resulted in an LDL with a molecular weight representing an average of the LDL from the individual animals. In the present study, we isolated LDL from individual, normal, and hypercholesterolemic animals to obtain a spectrum of LDL molecular weights. These LDLs were incubated with cells in culture to determine whether there is a correlation of LDL molecular weight with cellular cholesterol accumulation. In addition, we carried out various experiments to test the hypothesis that the enhanced cellular cholesterol accumulation with hypercholesterolemic LDL is due to increased cholesterol delivery to the cells.
Methods

Cells and Experimental Protocol
Skin fibroblasts were grown from explants from adult rhesus (Macaca mulatta) and cynomolgus (M. fascicularis) monkeys using procedures described previously. 9 Normal human skin fibroblasts (Catalog No. GM-41), fibroblasts from patients with the LDL receptor negative (Catalog No. GM-2000), and fibroblasts from patients with the internalizationdefective forms of familial hypercholesterolemia (Catalog No. GM-2408) were obtained from the Human Genetic Mutant Cell Respository, Camden, New Jersey. The standard tissue culture medium used for these studies was Eagle's Minimum Essential Medium (Auto-Pow, Flow Laboratories, Rockville, Maryland) supplemented with twice the normal concentration of vitamins (Eagle's vitamins), 200 mM L-glutamine, 1.5 mg a-D (+ )-glucose/ml, 23 mM sodium bicarbonate, 100IU pencillin/ml, and 100 mg streptomycin/ml. Cells were routinely grown in 75 cm 2 flasks using the standard medium to which was added 10% fetal bovine serum for the human cells or 10% calf serum for the monkey cells. For the experiments, cells were dissociated from flasks with 0.05% trypsin and 0.02% ethylenediaminotetraacetic acid (EDTA), transferred to 60 mm tissue culture dishes, and grown to confluence. The cells were then washed with phosphate buffer 7 and incubated with the standard medium containing 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) and 2.5 mg/ml of lipoprotein-deficient calf serum (LPDS) 10 to deplete them of cholesterol and to maximize LDL receptor activity. Hepes was added to the standard medium to minimize pH changes when transferring tissue culture dishes to and from the CO 2 incubator. After 48 to 72 hours, fresh tissue culture medium containing 20 mM Hepes, LPDS (2.5 mg/ ml), and the LDL to be tested was added, and the cells were incubated for the indicated times at 37°C in an atmosphere of 95% air and 5% CO 2 .
After incubation, the culture medium was poured off and the cell layer was washed twice with phosphate buffer. 7 The cells were freed from the dish with trypsin-EDTA, transferred to 12 ml centrifuge tubes, and washed twice with phosphate buffer. The cell pellet was stored frozen until analysis.
Analyses
The preparation of 125 l-labeled LDL and the determination of LDL binding, internalization, and degradation were carried out as described previously. 7 Cholesterol esterification with 1 -14 C-oleate and cellular protein content was determined as previously described. 8 Free and esterified cholesterol content were measured by gas liquid chromatography. 7 Sterol synthesis was measured in cells after the indicated period of incubation with LDL by addition of 0.1 ml of 1-14 C-acetate (5 p.Ci; 2 jimol) to 1.9 ml of culture medium followed by incubation with the cells for an additional 2 hours. Cells were washed and disassociated from the dish with trypsin-EDTA. The cell pellet was disrupted by sonication 7 and an aliquot was taken for protein. The remainder was saponified for 2 hours at 70°C in 70% ethanol that contained 1 N NaOH and 50,000 DPM of 3 H-cholesterol as an internal standard. Sterols were extracted into redistilled Skellysolve B (Getty Oil Company, Tulsa, Oklahoma), the Skellysolve B fraction was washed once with water, and an aliquot was taken for radioactivity determination. The determination of sterol synthesis thus represented the total nonsaponifiable sterols. All results were corrected for recovery of the 3 H-cholesterol internal standard. All samples were counted for radioactivity in a Beckman LS-230 liquid scintillation counter to a 2 sigma error of less than 1.0%.
Llpoproteln
Lipoproteins were isolated from male cynomolgus monkeys fed either cholesterol-free Purina Monkey Chow-25 (Ralston Purina Company) or a cholesterol-containing diet described previously (see reference 11, diet 75-8B test, table 2) differing only in containing either 0.16 or 1.0 mg cholesterol/kcal. LDL was isolated by the combined ultracentrifugal agarose column procedure. 7 The only difference was that 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) (0.4 mg/ml) was added to the tube in which blood was collected to inhibit lecithin cholesterol acyl transferase (LCAT) activity. The DTNB was separated from the LDL during isolation of LDL by agarose chromatography. LDL molecular weight was determined as described by Rudel et al. 2 using a 125 l-labeled LDL of known molecular weight as an internal standard. pressing cholesterol synthesis, then one might expect more cholesterol to accumulate with hypercholesterolemic LDL due to the failure to suppress endogenous synthesis rather than by delivery of ex-
Labellng LDL with 3 H-Cholesteryl Oleate
Normal and hypercholesterolemia LDL were labeled in vitro with 3 H-cholesteryl oleate as follows. The 3 H-cholesteryl oleate was synthesized as described by Goodman 12 using carrier free 1a,2a(n)- 3 H-cholesterol (54 Ci/mmol, Amersham, Arlington Heights, Illinois). The 3 H-cholesteryl oleate was first purified by thin-layer chromatography (TLC) on silica gel G using a solvent system of Skellysolve B, ethyl ether, and acetic acid (146:50:4) and then purified by TLC on silica gel G impregnated with silver nitrate as described by Goodman. 12 The 3 H-cholesteryl oleate was more than 97% pure after the silver nitrate chromatography. For the LDL labeling procedures, siliconized glassware was used and the 3 H cholesteryl oleate was dissolved in 1 ml of dimethylsulfoxide (DMSO); to this was added, in the following order: 1.5 ml of Tils buffer, pH 8.5; 1.0 ml of 14 mM DTNB: 5.0 ml of freshly isolated LPDS (d > 1.225 g/ml fraction of monkey plasma, 40-60 mg protein/ml); and 1.5 ml (2-3 mg protein) of normal or hypercholesterolemic LDL. Following incubation at 37°C for 24 hours with gentle mixing, the mixture was dialyzed against phosphate-buffered saline containing EDTA, pH 7.4, to remove the DMSO; then the LDL was isolated at d = 1.063 g/ml by ultracentrifugation at 36,000 rpm for 22 hours in an SW-40 rotor. The LDL was further purified by agarose column chromatography as previously described. 7 An average of 10% to 20% of the added 3 H-cholesteryl oleate was incorporated into the final LDL. For this level of labeling, the addition of LPDS was critical, presumably because of its cholesteryl ester exchange activity. 13 When it was injected into rats, there was no evidence of rapid clearance of the 3 H-cholesteryl oleate-labeled 125 I-LDL as would be expected if the labeling procedure had substantially altered the LDL. The LDL disappeared from the blood with a half-life of 9 hours (data not shown), which is similar to the halflife of human LDL injected into rats as reported by others. 14 Cholesteryl oleate was used to label the LDL since it is the principal cholesteryl ester species found in the LDL of these cholesterol-fed monkeys. 4
Results
Our previous studies have shown that hypercholesterolemic LDL stimulates greater cellular cholesterol accumulation than does normal LDL, assuming that this excess cholesterol comes from the LDL. If, however, the cholesterol from hypercholesterolemic LDL entered a pool of cellular cholesterol that did not efficiently suppress cholesterol synthesis, while the cholesterol from normal LDL was effective in sup- cess lipoprotein cholesterol. To test this possibility, we incubated cells with normal and hypercholesterolemic LDL, determining the time course of suppression of cholesterol synthesis, and compared this with the time course for stimulation of cholesterol esterification and for suppression of LDL receptor activity. All these parameters are presumably controlled by the same cellular pool of cholesterol that regulates cholesterol synthesis. 15 " 17 Figure 1 A shows the time course of inhibition of sterol synthesis. Both normal and hypercholesterolemic LDL inhibited sterol synthesis, but hypercholesterolemic LDL produced a more rapid inhibition than normal LDL, as seen at the 1-, 3-and 5-hour time points. Similarly, both normal and hypercholesterolemic LDL stimulated cholesterol esterification (figure 1 B) and suppressed LDL receptor activity (figure 1 C), with the hypercholesterolemic LDL being somewhat more effective than normal LDL at the early time points. There was, in fact, an apparent delay of about 2 hours in suppression of LDL receptor activity with normal LDL while no such delay occurred with hypercholesterolemic LDL. These data are consistent with the conclusion that hypercholesterolemic LDL delivers more net cholesterol to cells and that this cholesterol effectively expands the cellular pool of cholesterol responsible for regulation of cholesterol synthesis, cholesterol esterification, and LDL receptor activity.
To directly test the hypothesis that hypercholesterolemic LDL delivers more cholesterol to cells than does normal LDL, we incubated cells with LDL labeled with 3 H-cholesteryl oleate and determined the accumulation of the 3 H label in the cells as both free and esterified cholesterol. More than 97% of the 3 H in the original LDLs was located in the cholesteryl ester fraction. Figure 2 shows that there was rapid hydrolysis of the LDL cholesteryl esters by the cells; at 2 hours (the earliest time point studied) more than 50% of the 3 H was localized in the cells as free cholesterol. After 4 hours, 3 H-cholesteryl ester concentrations reached a plateau, while 3 H-free cholesterol concentrations continued to increase linearly for at least 12 hours, before reaching a plateau. Although the concentration of cellular 3 H-cnolesterol did not increase after 12 hours, there was a continued flux of 3 Hcholesteryl esters through the cell and hydrolysis to 3 H-free "cholesterol as shown by the continued appearance of 3 H-free cholesterol in the culture medium for up to 72 hours (figure 3). At all time points there was a greater accumulation of 3 H-cholesterol and cholesteryl ester from the hypercholesterolemic LDL than from normal LDL, consistent with a greater delivery of cholesterol to cells from hypercholesterolemic LDL compared with normal LDL.
Although it was clear that the large molecular weight hypercholesterolemic LDL stimulated greater cellular cholesterol accumulation than did normal LDL, it was not known whether there was a correlation of LDL molecular weight with cellular cholesterol accumulation. Experiments were carried out ( figure   4 ) to address this question. Low density lipoproteins with a wide range of molecular weights were isolated from individual normal and hypercholesterolemic animals, and were incubated with cells in medium containing LPDS (2.5 mg/ml) plus the LDL (50 fig protein/ml). After 24 hours the cells were washed, trypsinized from the dish, and analyzed for free and esterified cholesterol content. The LDLs from normocholesterolemic animals had molecular weights ranging from 2.58 to 3.08 x 10 6 ; the LDLs from hypercholesterolemic animals had molecular weights ranging from 4.21 to 6.39 x 10 6 . On the average, the hypercholesterolemic LDL stimulated a 27.6 fig/mg protein greater increase in cellular total cholesterol accumulation than for the same cells incubated with normal LDL. Of this, 17.5 pig was esterified cholesterol and 10. 1 fig was free cholesterol. Within the range of normal and hypercholesterolemic LDL tested, there was little evidence to suggest a correlation of cellular cholesterol accumulation with LDL molecular weight. Table 1 shows the results of a similar experiment comparing cholesterol accumulation with LDL molecular weight in cells with or without preincubation with LPDS. Cells that were preincubated with LPDS were depleted of about 30% of their total cholesterol content compared to cells maintained on growth me- figure 2 was analyzed for the appearance of 3 H-labeled free cholesterol. Dishes without cells incubated for the same length of time were used as controls and these values were substracted from the results at each time point. The value for /xg of [ 3 H]cholesterol efflux from the cells into the culture medium was calculated by dividing the DPM of [ 3 H]-free cholesterol in the culture medium by the specific activity (DPM/>g) of the original LDL (see legend of figure 2). This results in a minimum estimate of free cholesterol efflux since it does not consider dilution of specific activity by nonradioactive cellular cholesterol. In these experiments the 3 H-free cholesterol was considered to represent the total cholesterol to efflux from the cells since previous studies indicated that greater than 95% of cellular cholesterol efflux was as free cholesterol. . Cholesterol accumulation in monkey skin fibroblasts incubated with different molecular weight LDL Isolated from individual normal and hypercholesterolemic monkeys. Rhesus monkey skin fibroblasts were grown to confluence in 60 mm dishes, then incubated for 72 hours in culture medium containing LPDS (2.5 mg/ml). Cells were then incubated in medium containing LPDS (2.5 mg/ml) plus LDL (50 /ig protein/ml). After 24 hours the cells were washed, trypsinized from the dish and analyzed for free and esterified cholesterol content. Results are from two separate experiments with the same cell line using LDL isolated from nine normocholesterolemic (Monkey Chow fed) and 14 hypercholesterolemic (fed diet containing 1.0 mg cholesterol/kcal) cynomolgus monkeys. Normocholesterolemic animals had plasma cholesterol concentrations ranging from 92 to 148 mg/dl while hypercholesterolemic animals had plasma cholesterol concentrations ranging from 369 to 1011 mg/dl. Each point represents the means ± SEM of three replicate cultures for Experiment 1, and five replicate cultures for Experiment 2. The free and esterified cholesterol concentrations of cells incubated with hypercholesterolemic LDL (HLDL) were both significantly greater (p < 0.001) than for cells incubated with normal LDL (NLDL). Values are means ± SEM (n = 5). 'This LDL was obtained from the pooled plasma of the normocholesterolemic animals described in the legend of figure 4.
Table 1. Cholesterol Accumulation as a Function of LDL Molecular Weight In Monkey Skin Flbroblasts with Maximized or Down-Regulated LDL Receptors
Rhesus monkey skin fibroblasts were grown to confluence in 60 mm dishes, then either incubated for 72 hours in MEM containing LPDS (2.5 mg/ml) or maintained on the standard culture medium containing 10% bovine serum. Cells were then incubated in Hepes buffered medium containing LPDS (2.5 mg/ml) plus LDL (50 fig protein/ml). After 24 hours the cells were analyzed for free and esterified cholesterol content. The LDL were obtained from the same individual animals as described in figure 4 .
The free and esterified cholesterol concentrations of cells preincubated with LPDS were significantly greater (P < 0.001) in cells incubated with LDL from hypercholesterolemic animals than with the LDL from normal animals. A similar statistical significance occurred for the free cholesterol fraction of cells not preincubated with LPDS while in the same cells the increase in cholesteryl ester content was not statistically significant. dium containing 10% bovine serum. Incubation with normal LDL increased the free and esterified cholesterol content of the cells, with the greatest increase occurring in those cells that had been depleted of cholesterol by preincubation with LPDS. Hypercholesterolemic LDL promoted a greater increase in cellular cholesterol content than did the same amount of normal LDL in both preincubated and nonpreincubated cells. The magnitude of this difference was greatest, however, for cells that had been preincubated with LPDS. Consistent with the results shown in figure 4 , there was no obvious correlation of LDL molecular weight with cellular cholesterol accumulation over the range of molecular weights of the hypercholesterolemic LDL used in this experiment (4.24-5.74 x 10 8 ), regardless of whether the cells were preincubated with LPDS.
Even though cells incubated with LDL from hypercholesterolemic animals consistently accumulated more cholesterol than did cells incubated with normal LDL, the results shown in figure 4 and table 1 suggested that with normal LDL ranging in molecular weight from 2.79 to 3.08 x 10 6 and with hypercholesterolemic LDL ranging in molecular weight from 4.21 to 6.39 x 10 6 , there is no correlation of LDL molecular weight with cellular cholesterol accumulation. In both these experiments, there were no individual LDLs with molecular weights ranging from 3.0 to 4.2 x 10 6 . As a result, it was impossible to know whether all LDLs from cholesterol-fed animals (regardless of their molecular weight) stimulated cellular cholesterol accumulation to a similar extent or whether there might be a correlation with cellular cholesterol accumulation and LDL molecular weight over a narrower molecular weight range. To test this latter possibility, we isolated LDLs from another group of cynomolgus monkeys fed diets containing 0.16 or 1.0 mg cholesterol/kcal which had LDLs with molecular weights ranging from 2.75 to 4.57 x 10 6 . Because we needed to retain much of these individual LDLs for the cell culture studies, we were unable to completely characterize their composition. We did, however, measure the total cholesterol-to-protein ratio and molecular weight and these data are presented in figure 5 . Our results were consistent with the data by Rudel et al.; 1 ' 2 ' 4 as the molecular weight increased there was an increase in the amount of cholesterol per LDL particle as shown by the increase in the cholesterol-to-protein ratio. When LDLs of different molecular weight are added to cells in culture at equivalent protein concentrations, there is more total cholesterol added with the larger molecular weight LDL than with the lower molecular weight species. On the other hand, if the LDLs are added at equivalent cholesterol concentrations, fewer actual LDL particles are added with the larger molecular weight LDLs.
We tested the effects of the LDLs shown in figure 6 . Cholesterol accumulation in monkey skin fibroblasts incubated with LDLs isolated from individual animals. Cynomolgus monkey skin fibroblasts were grown to confluence in 60 mm dishes, then incubated for 72 hours in culture medium containing LPDS (2.5 mg/ml). Cells were then incubated in medium containing LPDS (2.5 mg/ml) plus the individual LDLs. The LDLs were added at either equivalent protein concentration (50 fjjg/m\) or total cholesterol concentration (100 MQ/mO-After 24 hours the cells were washed, trypsinized from the dish and analyzed for free and esterified cholesterol content. The LDLs used in this experiment are the same as those shown in figure 5 .
The o indicates LDLs isolated from animals fed the 0.16 mg cholesterol/kcal diet and the • indicates LDLs from the 1.0 mg cholesterol/kcal diet. Each point represents the mean of duplicate cultures. The correlation coefficients for the regression lines are statistically significant (p < 0.01) for all except the data shown in C. For the data in D, the regression line has been calculated for LDL having molecular weights less than 4.0 x 10 . Above this molecular weight there was no apparent further increase in cellular esterified cholesterol content, and this is indicated by the dashed line.
terol and protein concentrations, there was a linear increase in cellular cholesterol content with LDL molecular weight. The increase was greatest when the LDLs were added at equivalent protein concentration. Under these conditions, the change was greatest for esterified cholesterol although there was also an increase in free cholesterol content that correlated with LDL molecular weight. The correlation of cellular cholesterol content with LDL molecular weight was, in part, a function of the total amount of cholesterol added as seen by the smaller increase Jn cellular cholesterol content with LDL molecular weight when the LDLs were added at equivalent cholesterol content. Nevertheless, there still was a high correlation of cellular cholesteryl ester content with LDL molecular weight up to a molecular weight of approximately 4.0 x 10®, indicating that factors in addition to total cholesterol content were involved. At equivalent cholesterol concentrations, there was no significant correlation of cellular free cholesterol accumulation with LDL molecular weight.
To further evaluate the role of LDL receptors in modulating the differential accumulation of cholesterol in cells incubated with normal and hypercholesterolemic LDL, we tested the influence of these lipoproteins on human skin fibroblasts with genetically deficient or defective LDL receptors. As expected, hypercholesterolemic LDL stimulated significantly greater accumulation of both free and esterified cholesterol in'normal human skin fibroblasts than did normal LDL (table 2). In cells that were LDL receptornegative or were unable to internalize receptorbound LDL, the difference in the accumulation of free cholesterol with normal and hypercholesterolemic LDL was similar to that seen in normal cells. There was, however, no such difference in cholesteryl ester content in the mutant cells incubated with normal or hypercholesterolemic LDL, even though with both LDLs there was some increase in cholesteryl ester content relative to LPDS controls. Thus, a functional LDL receptor pathway appears necessary for the enhanced cellular cholesteryl ester accumulation with hypercholesterolemic LDL.
Discussion
We conclude from this study that the increased cholesterol accumulation in cells incubated with hypercholesterolemic LDL results from the delivery of more cholesterol to the cells by this abnormal lipoprotein. Hypercholesterolemic LDL consistently produced more rapid suppression of cellular cholesterol synthesis, down-regulation of LDL receptor activity, and stimulation of cholesterol esterification than did normal LDL. Since we know that these processes are regulated by cellular cholesterol content, 1£M7 the hypercholesterolemic LDL must deliver more cholesterol to the pool of cholesterol within the cell responsible for regulation of the LDL receptor pathway. The fact that larger amounts of 3 H-free and esterified cholesterol accumulated in cells incubated with 3 H-cholesteryl oleate-labeled hypercholesterolemic LDL agrees with the conclusion that there is a greater delivery of cholesterol to cells by hypercholesterolemic LDL.
With both normal and hypercholesterolemic LDL, the accumulation of cellular cholesterol is markedly increased if cells are first incubated with LPDS to maximize the number of LDL receptors on the cell surface. Nevertheless, even in cells that have not Table 2 
. Effect of Normal and Hypercholesterolemic LDL on Cholesterol Accumulation In Normal, LDL Receptor Negative and LDL Receptor Intemallzatlon Defective Human Skin Fibroblasts
been preincubated with LPDS and in which LDL receptor activity is down-regulated, the addition of hypercholesterolemic LDL promotes greater cellular cholesterol accumulation than does normal LDL, indicating that maximizing LDL receptor activity is not necessary for the differential in cellular cholesterol accumulation.
Although the results of this and previous studies indicate that some functioning LDL receptors are required for the difference in cellular cholesterol accumulation, binding to LDL receptors alone is apparently not sufficient, since there is no difference in accumulation in cells lacking the ability to internalize bound LDL. Consequently, an LDL receptor pathway that both binds and internalizes LDL seems necessary for this phenomenon. Even with internalization of the LDL, the enhanced cellular cholesterol accumulation with hypercholesterolemic LDL cannot be completely accounted for by differences in LDL metabolism. 7 18 This suggests a mechanism whereby LDL cholesterol can accumulate disproportionately to the amount of LDL metabolized by the cell. The results of this study suggest that such a process of independent accumulation of cholesterol must take place after the LDL has been internalized, perhaps during a process such as retroendocytosis. 19 The ability of hypercholesterolemic LDL to promote cellular cholesterol accumulation was not correlated in a linear fashion with the full range of LDL molecular weights tested. Above a molecular weight range of 4.CM.5 x 10 s , and below a molecular weight of 3.0 x 10 6 , there was no correlation of LDL molecular weight with cellular cholesterol content. On the other hand, in an LDL molecular weight range of 3.0 to 4.5 x 10 6 , there was a significant positive correlation of LDL molecular weight with cellular cholesterol accumulation. We can only speculate why there is no correlation of LDL molecular weight with cellular cholesterol accumulation over the full range of LDL molecular weights tested. We previously showed 7 that even though the hypercholesterolemic LDL binds to the LDL receptor with higher affinity than does the normal LDL, its capacity for binding is reduced. This means that fewer particles of the larger molecular weight, hypercholesterolemic LDL are bound and internalized than are the normal LDL. As a result, it may be that above an LDL molecular weight of about 4.5 x 10 6 , the reduction in binding capacity is sufficient to fully compensate for the increased amount of cholesterol taken up per LDL particle. If this is true, then one could postulate that the change in binding capacity with LDL size must either not occur below a molecular weight of approximately 4.5 or not change in proportion to the increase in cholesteryl ester per LDL particle.
Another possible explanation could relate to changes in the physical properties of the abnormal LDL lipids. When monkeys are fed diets containing cholesterol and saturated fats, as used in the present study, there is a significant correlation of LDL molecular weight with cholesteryl ester composition and content. The larger the molecular weight, the greater is the increase in the number of molecules of saturated and monounsaturated cholesteryl esters per LDL particle. 34 This results in a marked change in the physical properties of the LDL; the cholesteryl esters of hypercholesterolemic LDL have transition temperatures above body temperature (42° to 48°C), whereas normal LDLs have transition temperatures below body temperature (34° to 35.8°C). 4 With these diets, the change in transition temperature occurs at a molecular weight of about 4.0 x 10 6 , although the absolute molecular weight where the transition occurs can be influenced by other lipids, particularly triglycerides. 4 It is possible that the change in the physical form of the LDL cholesteryl esters (from a liquid crystalline to a more ordered smectic-like phase) that takes place with increasing molecular weight plays a role in the enhanced ability of hypercholesterolemic LDL to promote cellular cholesterol accumulation. Since LDL molecular weight and cholesterol ester composition are highly correlated, 4 we do not know whether these changes operate independently in determining the enhanced ability of hypercholesterolemic LDL to promote cellular cholesterol accumulation.
These studies have been carried out with LDL isolated from cholesterol-fed animals consuming the same basic diet. Studies by Rudel et al. have shown that LDL molecular weight can also be altered by dietary constituents such as fat 20 and alcohol. 3 We do not known whether these diet-induced changes in LDL molecular weight will alter the molecular weight range that correlates with cellular cholesterol accumulation. It Is also not known whether there are differences among various cell lines in the range of LDL molecular weights that correlate with cellular cholesterol accumulation. Thus, even though there seems to be an upper limit of LDL molecular weight above which there is no further enhancement of cellular cholesterol accumulation, we cannot be certain that the absolute molecular weight at which this occurs will be identical to the one in this study.
A highly significant correlation of LDL molecular weight with coronary artery atherosclerosis in three nonhuman primate species has been reported. 3 ' *• * If the enhanced ability of these abnormal LDLs to promote cholesterol accumulation in cells in culture also occurs in vivo, this may partly explain the mechanism of their enhanced atherogenlc potential. Further, our current studies indicate that only a modest change in LDL composition is necessary for the enhancement of cellular cholesterol accumulation. Since the LDL molecular weight range over which these changes occur are within those reported for human beings, 21 small changes in LDL molecular weight may influence susceptibility to atherosclerosis in human beings as well. This seems to be true for African green monkeys; reports 9 indicate a highly significant correlation of LDL molecular weight with coronary artery atherosclerosis over a narrow molecular weight range of 3.4 to 4.5 x 10 6 .
